Evidence from multiple studies supports the concept that both glomerular filtration and proximal tubule (PT) reclamation affect urinary albumin excretion rate. To better understand these roles of glomerular filtration and PT uptake, we investigated these processes in two distinct animal models. In a rat model of acute exogenous albumin overload, we quantified glomerular sieving coefficients (GSC) and PT uptake of Texas Red-labeled rat serum albumin using two-photon intravital microscopy. No change in GSC was observed, but a significant decrease in PT albumin uptake was quantified. In a second model, loss of endogenous albumin was induced in rats by podocyte-specific transgenic expression of diphtheria toxin receptor. In these albumin-deficient rats, exposure to diphtheria toxin induced an increase in albumin GSC and albumin filtration, resulting in increased exposure of the PTs to endogenous albumin. In this case, PT albumin reabsorption was markedly increased. Analysis of known albumin receptors and assessment of cortical protein expression in the albumin overload model, conducted to identify potential proteins and pathways affected by acute protein overload, revealed changes in the expression levels of calreticulin, disabled homolog 2, NRF2, angiopoietin-2, and proteins involved in ATP synthesis. Taken together, these results suggest that a regulated PT cell albumin uptake system can respond rapidly to different physiologic conditions to minimize alterations in serum albumin level. While the clinical relevance of proteinuria, and especially albuminuria, has been well documented, the quantitative and mechanistic significance of different components to albumin excretion remains an area of considerable excitement and debate. 1 Recent data from several laboratories utilizing different approaches have delineated a role of proximal tubules (PTs) in regulation of albumin reabsorption and reclamation. 2 Furthermore, albumin transcytosis has been visualized in PT cells 3 and FcRn has been shown to mediate the transcytosis of albumin across PTCs, 4 as it is known to do for many other cell types. 2 Therefore, the present studies were conducted to begin differentiating and quantifying glomerular and PT contributions to albuminuria under physiologic and disease conditions. This understanding is important because before appropriate therapies can be developed to modulate albuminuria, the structural, functional and mechanistic characterization need to be better understood and interrelated.
While the clinical relevance of proteinuria, and especially albuminuria, has been well documented, the quantitative and mechanistic significance of different components to albumin excretion remains an area of considerable excitement and debate. 1 Recent data from several laboratories utilizing different approaches have delineated a role of proximal tubules (PTs) in regulation of albumin reabsorption and reclamation. 2 Furthermore, albumin transcytosis has been visualized in PT cells 3 and FcRn has been shown to mediate the transcytosis of albumin across PTCs, 4 as it is known to do for many other cell types. 2 Therefore, the present studies were conducted to begin differentiating and quantifying glomerular and PT contributions to albuminuria under physiologic and disease conditions. This understanding is important because before appropriate therapies can be developed to modulate albuminuria, the structural, functional and mechanistic characterization need to be better understood and interrelated.
PTs regulate glomerular filtrate uptake, sorting, degradation, transcytosis, and secretion, thus serving as a key contributor in determining urine composition. Further, PT cells have extremely active endocytosis mechanisms and are thus responsible for retrieving most filtered proteins under normal conditions. 5 Given the recent data supporting increased filtration of proteins (i.e., albumin), understanding their endocytic mechanisms becomes even more important. 2 A clear role of megalin/cubilin in receptor-mediated clathrin-dependent endocytosis function exists and in addition there is an active non-selective fluid-phase endocytosis pathway. 6 However, the only known transcytosis receptor for albumin is FcRn. 7 While many questions remain concerning these processes it is clear that multiple diseases result from protein trafficking defects in PT. 2, 8 Therefore, to begin addressing how the PTs handle filtered proteins two different rat models of proteinuria have been investigated.
First, the acute albumin overload model, which has been used for over 20 years and induces a significant rapid and reversible increase in albuminuria, was evaluated. 9, 10 The second model was a transgenic rat line that specifically expresses the diphtheria toxin (DT) receptor in podocytes under the control of the podocytespecific podocin promoter. Under physiologic conditions urinary albumin was unaltered, but the presence of DTresults in selective podocyte injury/death resulting in increased albumin leak across the glomerular filtration barrier. 11 An implicit assumption has always been that in both models albuminuria results from enhanced passage of albumin across the glomerular filtration barrier. However, recent data from multiple laboratories supports a role for both the glomerulus and PT cell in determining the level of albuminuria in disease processes. 2 Previously it had not been possible to evaluate the role of the PTC in these models. However, intravital two-photon microscopy of the kidney now permits a direct evaluation of changes occurring in glomerular filtration and PTC uptake of fluorescent molecules simultaneously in the same nephron. 12, 13 An increase in the glomerular sieving coefficient (GSC) would be consistent with a glomerular effect while changes in the level of PTC uptake would support a role for the PTC in albuminuria. The ability to simultaneously monitor both mechanisms is essential for understanding the mechanism of albuminuria.
RESULTS

Albuminuria in the MWF Rats Following Albumin Overload
Initial studies were undertaken to characterize the albumin overload model in the female Munich Wistar Fromter (MWF) rats. Their superficial glomeruli have allowed our laboratory, and others, to directly observe and quantify glomerular and tubular events using intravital two-photon microscopy. 12, 14 Figure 1A shows a rapid increase in plasma albumin and then recovery to baseline serum levels on days 3 and 4, as previously published, 9 when imaging was undertaken. Figure 1 , B and C show IP albumin injection markedly increased 24 hour urinary protein and albumin from baseline. An average of 75% of the amount of albumin injected was recovered in the urine on days 2-5. This increase in albuminuria is consistent with previous results, which also showed no change in hematocrit or total plasma protein. 9 Glomerular filtration rate (GFR, ml/min/100 g) measured using 24-hour creatinine clearances, showed no significant measurable change between day 0 and 3 or 4 day 1=0.7160.14, imaging day=0.6860.12.
Acute Albumin Overload does not Correlate with Glomerular Sieving Alterations
This acute albumin overload model allowed us to determine whether elevated albumin excretion resulted from increased passage via the glomerular filtration barrier. Intravital two-photon microscopy was used to quantify GSCs on days 3 or 4, enabling us to evaluate GSC for rats with variable but elevated albuminuria levels. Each rat had an average of five surface glomeruli that were measured at two time points following Texas Red rat serum albumin (TR-RSA) infusion. Image collection did not start until at least 10 minutes post TR-RSA infusion to allow equilibration to occur. Figure 1D shows the GSC values on the y axis (overall mean of 0.008060.0013) and the corresponding 24-hour urine albumin values plotted on the x axis. Note, these values were also no different from GSCs for control MWF female rats (mean GSC of 0.007560.0029). If increased passage of albumin across the glomerular filtration barrier was the cause of albuminuria then one would expect that rats with the highest albumin excretion levels would have the highest GSC values. However, there was no correlation between the measured GSC for albumin and the 24-hour urinary albumin excretion. This result raised the possibility that a nonglomerular event was responsible for increased albumin excretion. The other well-studied mechanism that has been shown to contribute to elevated urinary albumin is an alteration in PTC uptake of filtered proteins. 2 PT Albumin Reabsorption Decreased During Albumin Loading Intravital microscopy was used to quantify tracer amounts of TRRSAuptake by PTCs. Less TR-RSA appeared in the early S1 segment of the PTs (visible opening to glomerulus) in protein overload rats compared with control rats. An example of this is shown in Figure  2A where the control PT S1 had increased TR-RSA fluorescence than a PT S1 in the protein overloaded rat, images captured 20-30 min after TR-RSA infusion. To quantify TR-RSA uptake we used our established method that determines total PTC uptake without distinguishing between different PT segments, Figure 2B . 12 A box plot of these data gave a mean value of 335761339 total integrated fluorescence (TIF)/mm 2 for control and 12556976 TIF/mm 2 for protein overload with a P value of 0.014. To further characterize uptake changes we focused on the robust endocytic activity of the S1 tubules, where a disproportionate amount of filtered proteins are reabsorbed. To determine S1 uptake the images showing PT with a clear glomerular-tubule lumen opening were quantified. An average of five glomeruli from each rat were identified that had an S1 and a total of 74 time points were analyzed for the protein overloaded rats. Three control rats were used and 36 time points were analyzed. We also normalized each S1 to its own glomerular capillary intensity to reduce variability and provide a more accurate assessment of the amount of filtered albumin reaching each individual S1 segment. These data are shown in Figure 2C . Plotting PTC-S1 intensity over time revealed a clear difference in TR-RSA uptake. Note, this change in TR-RSA uptake occurred even though the amount of albumin being filtered was constant (no change in GSC between control and protein overload animals) and total plasma protein and albumin were not significantly altered in this model on the days of our imaging study. Comparison of the line slopes with GraphPad Prism software showed a statistically significant difference in slopes, P,0.0001.
PT Cells have the Capacity to Increase Endogenous Albumin Reabsorption when Glomerular Albumin Permeability is Increased
To determine whether PTC could reabsorb additional endogenous albumin if rats were made albumin-deficient by excess albumin filtration, we developed and then utilized the human DT receptor expressing podocytes in MW Fromter rats (hDTR-Pod/SG rats) using previously published techniques. 11, 15 Baseline serum albumin, 4.360.3 gm/dl, and 24-hour urinary albumin, 22.4610.1 mg/ 24 hours were normal prior to DT treatment. Figure 3A shows a low-power view of untreated versus DT treated glomeruli at 5 days. At this point in time serum albumin was decreased to 2.560.4 gm/dl and 24-hour urinary albumin was increased at 148.3626.6 mg. Note the significant increase in TR-RSA taken up by the PT in the DT podocyte damaged kidneys. Exposure of these rats to DT resulted in dose-and time-dependent podocyte injury-dependent proteinuria with a corresponding increase in urinary albumin ( Figure 3B ), as previously reported. 11 This was associated with a marked increase in the GSC for albumin (0.01760.006 versus 0.14560.0067, P,0.01) on day 5 following 200 ng DT/kg. To examine how the PTs responded to this endogenous albumin exposure originating from leaky glomeruli in the setting of net albumin loss, intravital microscopy was used to quantify PTC TR-RSA uptake. Figure 3C shows quantitation of TR-RSA PT uptake in untreated and treated DT podocyte MWF rats. A box plot of these data gave a mean value of 10996274 TIF/ mm 2 for control and 313361648 TIF/mm 2 for DT treated rats with a P value ,0.05. Note, given the large uptake observed in DTrats, some saturation of the detectors occurred, and so this increase likely represents an underestimate. These data support the fact that PTs have a large reserve capacity to reabsorb filtered albumin if needed.
FcRn Localization and Expression is not Impacted by Acute Protein Overload
Recent data have shown that the FcRn can bind albumin in a pHsensitive manner with increased affinity at pHs at and below 6. 7, 16, 17 This enables it to be an ideal transcytotic receptor, attaching in the acidic environment of the endosome and releasing at the higher pH of the extracellular fluid. Reabsorbing and transcytosing filtered albumin may be fundamental to the long halflife of albumin (and IgG). 2, 18 The hypothesis is that FcRn is Figure 1 . Acute albumin overload increases urine albumin but does not result in GSC increases. (A) Plasma SDS-PAGE Coomassie stained gels and the average (n=3, no plasma for rat 2 day 2 gel sample) plasma albumin and total protein in g/dl following two albumin injections (625 mg/100 g/day) on days 1 and 2 (arrows). Rats were evaluated by two-photon microscopy on days 3 or 4, 24 hours (#) or 48 hours (*) after the second injection. Note the rapid increase and return to baseline of serum albumin levels in this model. (B) Daily and cumulative 24 hour urine protein and Coomassie gels are shown. Blood was collected pre-and post-albumin injections and creatinine measured using the Jaffe method with the Pointe 180 QT Analyzer. Urine creatinine was measured and GFR calculated [UCR3UVOL (ml/min)/PCR]. GFR was unaffected by albumin injections. (C) 24 hour total urine albumin is presented for the eight MWF female rats before albumin injections and on the day of imaging after either 24 hours (F-H) or 48 hours (A-E) following the second injection. (D) A scatter plot is presented of the albumin GSC6SD and the 24 hour total urine albumin on the day of imaging. GSC was determined using two-photon microscopy as described earlier. Note the lack of correlation between GSC and urine albumin values.
responsible for returning filtered albumin to the circulation whereas the megalin/cubilin transport system directs albumin toward degradation. Figure 4A documents the presence of FcRn by Western blot in rat kidney cortex and medulla. Note the upper FcRn band represents the glycoprotein modified form while the lower band is the immature form. 19, 20 Further confirmation of FcRn's presence in both PT and CCD was achieved by RTPCR analysis of RNA isolated from micro-dissected rat tubules, Figure 4A . Figure 4B shows the location of FcRn using a polyclonal antibody directed against purified rat FcRn along with F-actin labeled with phalloidin to locate the brush border (BB). All immunofluorescent (IF) images are approximately 5 mm z projections and clearly show FcRn concentrated in the apical BB region of the PTC. Following acute protein overload (4B) no significant change in location was observed for FcRn. To address whether protein expression of FcRn or megalin was altered by protein overload, Western blots were analyzed and no significant change in either protein was detected (data not shown). A recent report using the protein overload model similarly found no change in megalin levels. 21 Finally, to determine whether FcRn mRNA levels were altered by protein overload, qRT-PCR was performed on RNA isolated from kidney cortex and no significant difference was detected ( Figure 4C ).
Proteomic Analysis of Kidney Cortex Proteins Altered by Acute Protein Overload
To address more global changes occurring following protein overload, and to identify proteins and potential pathways impacting PTC albumin uptake, kidney outer cortex proteins were separated and analyzed. Individual proteins were separated by twodimensional electrophoresis (2DE), quantified by image analysis and differentially expressed proteins identified by mass spectrometry. Table 1 lists the 35 significantly altered proteins identified with the abundance of 13 increased and 22 decreased. Notably albumin (+1.8-fold) showed the largest increase while calreticulin, a calcium-binding chaperone, the biggest decrease (21.3-fold). Interestingly, one of the proteins increased was Disabled homolog 2, a clathrin-associated sorting protein required for clathrin-mediated endocytosis. Analysis of all 35 proteins using Ingenuity Pathway Analysis software identified two Upstream Regulators that were predicted to be inhibited. First, with an activation z-score of 22.169 and P value of 0.02 NFE2L2 (nuclear factor erythroid 2-related factor 2), a transcription activator important for the coordinated upregulation of genes in response to oxidative stress, was inhibited. Second, with an activation z-score of 21.664 and P value of 0.05, ANGPT2 (angiopoietin-2), a growth factor, was inhibited. This analysis also revealed a significant effect on three categories involved with ATP synthesis reflecting downregulation of five proteins involved in mitochondrial function (ATP5B, ATP5D, CHCHD6, HSPD1, VDAC1).
DISCUSSION
Intravital two-photon microscopy has enabled the investigation of cellular and subcellular events in tissues in live animals. 2, 12, 14, 22 One of the main functions of the PTC is retrieval of filtered proteins and our studies, and other recent reports, support the importance of the PTC in regulating albumin excretion rate. 2 of TR-RSA uptake in all surface PTs of control (n=3 rats, 157 fields quantified) and protein overloaded (n=8 rats, 176 fields quantified) rats. This analysis showed a significant reduction in albumin uptake, P,0.01 (KaleidaGraph, Student's t-test). (C) Quantification of the TR-RSA uptake in only S1 PTC identified reduced uptake in the protein overload animals. Each data point represents an individual measurement from control (n=36 from three rats) or protein overload (n=83 from seven rats) S1 PT. The differences in the slopes of these lines was found to be significant, P,0.001, GraphPad Prism.
Further, the recent identification of an albumin receptor, FcRn, which is present in the kidney and mediates transcytosis in PT cells, provides a mechanism for returning filtered albumin to the circulation. 2, 4 The present study had three main objectives. First, to determine whether an acute systemic albumin load, achieved by two intraperitoneal albumin injections, resulting in increased albumin excretion, causes detectably increased glomerular filtration of albumin. Second, to establish how increased albuminuria from two distinct models impacts PTC albumin uptake. Third, to begin identification of pathways and/or proteins contributing to the observed proteinuria that may participate in regulation of PT protein retrieval. Several studies have utilized albumin overload models in mice, rats, and cultured cells and distinct differences between rat strains have been demonstrated. 9, 10, 21, 23 The question of whether persistent proteinuria can be detrimental to kidney function remains controversial. 24 Several studies have documented glomerular structural changes including podocyte flattening and foot process fusion, 9, 25, 26 however normal glomeruli were also observed in these same studies. Other animal studies suggested that the protein uptake pathway in PTC may become saturated and that an increase in PTC lysosomal activity may occur. 21 In vitro cell studies also support changes taking place in PTC with protein overload. [26] [27] [28] Finally, a study in Wistar rats using three albumin injections, versus two as in our study, showed no change in the glomerular size selectivity. 29 For the present study, we chose an acute albumin overload model using two albumin injections in normal healthy animals. In this model serum protein levels were maintained, but not increased. Our results showed that neither GFRs nor the GSCs for albumin were altered under the conditions used. Plasma albumin did increase modestly but returned to normal within 24 hours of the second RSA injection and prior to our quantification of GSC. Together, these data support that a relatively constant amount of albumin is being delivered to the tubules. Using the data generated from our studies we did mass balance calculations. As is shown in Figure 5 , utilizing GSC, PT uptake, serum albumin, and GFR, urine albumin could be calculated and was in close agreement with the observed amount. With a GSC of approximately 0.08, and GFR of 0.7 ml/100 g body weight, a 200 g rat would filter approximately 725 mg albumin/day ( Figure 5 ). We observed that under these conditions both S1 and cortical PTC albumin uptake were markedly reduced in response to an acute exposure to exogenous albumin. This result strongly suggests that in the setting of increased total body albumin load PT reclamation of albumin can be down-regulated. A mass balance summary of these changes is shown in Figure 5 . The sensor(s) responsible for regulating albumin reabsorption and transcytosis remains to be determined. Possibilities include cellular or hormonal regulation of transporters and possibilities include physiochemical alterations on the basolateral aspect of the cell related to peritubular capillary and interstitial albumin concentrations. These data also indicate that the long-held assumption that increased albuminuria following albumin loading was due to an alteration in glomerular filtration of albumin was not correct, and that PT reabsorption was the determinant of urinary albumin excretion.
To further test the hypothesis that PTs can regulate albumin reabsorption, we used a model that would likely saturate the PTC capacity to reabsorb albumin and thereby result in net body albumin depletion. This experimental design would address whether PTCs have the capacity to reabsorb additional albumin in the setting of albumin depletion if presented in the glomerular filtrate, i.e., no exogenous albumin is delivered to these animals. To do this we utilized the hDTR-Pod/SG rat model, developed for MWF rats, which in the presence of DT specifically injures podocytes, resulting in a dose-and time-dependent increase in albumin excretion rate. 11 Our data extend the previous work by directly showing dose-and time-dependent increases in GSC for albumin and depletion of serum albumin as a result. Given the increase in GSC with DT treatment, a 10-fold increase in filtered albumin would be calculated. An accurate quantitation of filtered albumin is complicated by variable degrees of tubule blockage that occur in this model. However, under these conditions the PTs showed a remarkable capacity to increase albumin uptake ( Figure 3C) , with a 2.85-fold increase over control. A complete mass balance for the DT model will require further investigation, with some limitations given the large albumin uptake that can rapidly saturate fluorescent detectors, and potential for tubule blockage.
Taken together these data have important clinical implications, as they indicate, for the first time, that PTC uptake of albumin is regulated, with the capacity to either decrease or increase albumin reabsorption. The regulation of PTC albumin uptake has many clinical implications and may involve changes in albumin receptors and/or other regulatory mechanisms that enable these cells to alter their albumin reclamation depending upon serum albumin levels. Therefore, a complete understanding of this important process should be the target of future investigations.
Reduced PTC protein uptake has been shown to occur in megalin/cubilin knockout animals and in in vitro cell studies that have targeted this well-studied multi-ligand receptor. [30] [31] [32] [33] [34] [35] [36] [37] However, in all of these studies albuminuria was not markedly increased, thus supporting recent evidence for other mechanisms having an active role in albumin retrieval occurring in PTCs. FcRn, the only albumin transcytotic receptor yet identified, is concentrated in the apical region of the PTCs as shown in Figure 4B . Western blots for both megalin and FcRn amount and distribution were not detectably altered following protein overload as assessed by Western blot or immunolocalization studies. However, both these proteins have multiple regulatory pathways, i.e., phosphorylation, glycosylation, which have been shown to impact their function and may be occurring during the protein overload. [38] [39] [40] [41] [42] [43] [44] [45] A regulatory switch to reduce albumin uptake following acute albumin intake would be advantageous for maintaining a healthy kidney and overall homeostasis. Similarly, a mechanism to increase protein uptake following a transient increase in GSC for albumin would serve to maintain serum albumin levels.
Previous studies that have investigated albuminuria models have not used intravital microscopy. This method enables one to follow the dynamic filtration and uptake of fluorophore Forms a channel through the mitochondrial outer membrane and also the plasma membrane. The channel at the outer mitochondrial membrane allows diffusion of small hydrophilic molecules; in the plasma membrane it is involved in cell volume regulation and apoptosis.
conjugated albumin in surface glomeruli and tubules. The dynamics of deeper glomeruli and tubules not visible by twophoton imaging can't be directly addressed with this method, and this remains a limitation. Because FcRn is the only known transcytotic albumin receptor, and rat FcRn binds bovine albumin with reduced affinity, we utilized rat albumin for these studies. 4, 7, 16, 46 Species differences in albumin and IgG binding to FcRn are well documented and may contribute to some of the variability reported in protein overload studies. The binding affinity for megalin/cubilin for different albumins has yet to be determined but this receptor has been shown to only target albumin to lysosomes. 6 Consequently, retrieval of albumin and return to the circulation would be expected to require involvement of FcRn. This is supported by studies in knockout mice and more recently by some elegant studies using transgenic mice and rat models by the Moeller group. 4, 46 To identify possible pathways that could be participating in the reduced PT albumin uptake, quantitative two-dimensional gel electrophoresis (2DE) combined with mass spectrometry and pathway analysis was conducted on kidney cortex proteins from control and protein overload rats. The largest increase (1.83) was observed for albumin. The other notable protein increased was Dab2 (+1.2-fold) which binds to megalin and is present in the PTC coated pits. 31, 47 Interestingly, a recent study using human PTCs to identify a link between Dab2 and PKB/Akt partners showed a reduction in Dab2-reduced albumin endocytosis. Yet an increase in Dab2 and PKB/Akt appears to be protective. 48 Further investigation is needed to define how Dab2 is acting in this model. The largest fold decrease (21.3) was observed for calreticulin, which along with calnexin is part of the endoplasmic reticulum (ER) chaperone system. 49 These lectins associate with most glycoproteins being involved with folding, quality control and degradation. Interestingly, there is evidence that calnexin binds glycated albumin. 50 Albumin was also upregulated and whether this relates to increases in tubular fluid, interstitial or cellular albumin was not determined. Five proteins that decreased in abundance (ATP5B, ATP5D, CHCHD6, HSPD1, VDAC1) are involved in synthesis of ATP, which may indicate ATP levels or turnover are reduced; this has been shown to regulate cytoskeletal events and even reduce endocytosis in cells. 51 Analysis of all protein changes using Ingenuity IPA software revealed that two potentially important upstream regulators were predicted to be inhibited. First, NFE2L2 encodes the protein Nrf2, which is part of the cytoprotective Keap1-Nrf2 pathway. 52 Normally repressed by its association with Keap1-Cul3 complex in the cytoplasm, Nrf2 migrates to the nucleus upon stress induction and binds to specific response elements inducing expression of target genes to detoxify, provide oxidant protection, and other stress response mediators. Multiple studies have documented that induction of Nrf2 is protective for the kidney in CKD, diabetic nephropathy, renal fibrosis, ischemia and other insults. 52 The fact that this was inhibited suggests the acute overload model does not induce stress nor needs the stress response elements increased, thus preventing an over-reaction to this acute protein load. The second upstream regulator inhibited was ANGPT2. This gene encodes Angiopoietin-2 (Ang2), which is an antagonist of the Tie2 receptor and when bound causes vascular destabilization and leakage. 53 Some evidence suggests that it can also function as an agonist, depending upon concentration. 54 Its precise role in kidney function is unclear as one study showed no protection in a mouse septic model while higher Ang2 levels were a good predictor of increased mortality in kidney transplant recipients. 53, 55 The proteomic results support the concept that the kidney has developed an intricate means of responding to acute protein overloads to maintain normal function and reduce injury. Further research will be needed to confirm the biologic significance of the proteomic changes observed. Figure 5 . Mass balance of albumin filtration, PT reabsorption and urinary excretion, 200 g rat. Albumin filtered was calculated by using mean values from this study for GFR, serum albumin and GSC for albumin. Thus calculated 24 hour urinary albumin was determined by the following equation: GFR31440 minutes3serum albumin (mg/ml) 3GSC3(12%PT uptake). %PT uptake for control was calculated by dividing observed 24 hour albumin by calculated albumin filtered3100. %PT uptake for PO was calculated from mean data in Figure 2B and is very close to observed 24 hour urinary albumin. Note the ability of the PT to down-regulate albumin reabsorption.
In summary, we have addressed the regulation of PT albumin uptake using two animal models, one that results in an acute exogenous albumin overload and another which causes podocyte damage and sustained endogenous albuminuria. The acute albumin overload did not cause detectably increased glomerular filtration of albumin but did reduce albumin uptake in the S1 and all cortical PTs. This lack of reabsorption of filtered albumin occurred even though the PTC has additional capacity to increase albumin reabsorption when called upon to do so. This was confirmed by using the DTr podocyte expressing rat model, which resulted in increased GSC and markedly increased PT albumin uptake. Proteomic analysis suggests that complex and protective cellular responses occur during an acute protein overload that may be designed to maintain the albumin milieu and diminish detrimental effects of albuminuria on the kidney. This has important clinical implications in the therapeutic approach to albuminuria.
MATERIALS AND METHODS
Animals
Female MWF rats (9-12 weeks old) were derived from a colony generously provided by Dr. Roland Blantz (University of California-San Francisco, San Diego, CA). All rats were given water and food ad libitum throughout the study. Rats were administered two IP injections 24 hours apart of rat albumin (A6272, 625 mg/100 g/day; Sigma-Aldrich, St. Louis, MO) with imaging occurring between 24 and 48 hours after the second injection. Plasma and urine albumin, plasma total protein and urine total protein (24 hour collection in metabolic cages) were quantified using a bromocresol green dye-binding procedure, Biuret reagent set, and a Pyrogallol Red method, respectively, as recommended for the Pointe 180 QT Analyzer (Pointe Scientific Canton, MI). All experiments followed the NIH Guide for the Care and Use of Laboratory Animals guidelines and were approved by the Animal Care and Use Committee at the Indiana University School of Medicine or Icahn School of Medicine at Mount Sinai (for studies in micro-dissected tubules of SD rats).
hDTR-Pod/SG rats were produced in the Wiggins laboratory at the University of Michigan. MWF rats with superficial glomeruli were provided by the Molitoris Laboratory at Indiana University. They were crossed with human diphtheria toxin receptor (hDTR) transgenic Fischer344 rats in which DT can be injected to deplete podocytes in a dose-and time-dependent manner. 11 In hDTR rats the transgene is driven by the human podocin promoter, which results in podocyte-specific gene expression as previously described. 11, 15 After each step the offspring were genotyped to select for the hDTR transgene and a kidney biopsy was performed to select for superficial glomeruli. After five generations of selection rats were then inbred to select for homozygosity of the hDTR transgene using the Q-PCR TaqMan assay to measure transgene copy number. This novel rat line containing superficial glomeruli and homozygous for the hDTR transgene in podocytes has been maintained since 2007 as a breeding colony and are designated hDTR-Pod/SG rats.
Fluorescent Albumin Synthesis
Rat serum albumin (fraction V; Sigma-Aldrich) was conjugated to Texas Red sulfonyl chloride according to the manufacturer's instructions (Invitrogen, Carlsbad, CA) to give a stoichiometric ratio of approximately 4:1 mol dye: albumin. Conjugation was confirmed as described previously using absorbance measurements and dialyzed extensively using 50 kDa dialysis membrane (Float-A-lyzer, Spectrum Labs) to remove small fragments and any free dye prior to infusion.
Two-Photon Microscopy
Imaging was conducted using an Olympus FV1000 microscope adapted for two-photon microscopy with high-sensitivity gallium arsenide nondescanned 12-bit detectors with animal preparations, as described elsewhere. 3, 12 Animals were anesthetized with sodium pentobarbital (50 mg/ml). A jugular venous line was used to introduce fluorescent albumin. As previously described, animal body temperature, saline bath temperature in dish and heart rate and blood pressure (90 mmHg avg) were measured using LabChart 6 (AD Instruments, Colorado Springs, CO). 12 All rats had normal body temperature, blood pressure and hydration was maintained by saline infusion.
Immunofluorescence of Rat Kidney Sections
Rat kidneys were perfusion-fixed via the abdominal aorta with 4% paraformaldehyde in PBS, pH 7.4. After perfusion fixation, the kidneys were trimmed and immersion fixed at 4°C until sectioning. Sections (100 mm thick) were obtained using a Vibratome. For immunolabeling, the sections were rinsed with PBS, and permeabilized with 1% SDS for 3 minutes. After detergent treatment, the tissue sections were rinsed with PBS and placed in primary antibody in 0.5% fish skin gelatin in PBS for an overnight incubation. Following PBS washes secondary antibodies conjugated to their respective fluorophores were incubated with sections for 2 hours, followed by an overnight rinse with PBS and mounting with ProLong Gold (Molecular Probes). Images were collected using the Olympus FV1000 scanning confocal microscope. Sequential laser excitation of the three fluorophores eliminated crosstalk of fluorescent signals.
Western Blot Analysis SDS-PAGE was carried out using Bio-Rad Criterion gels (Hercules, CA) or Lonza Gold precast gels (Thermo Fisher Scientific, Hanover Park, IL). PageRuler Plus Prestained molecular mass standards 10-250 kDa from Thermo Fisher Scientific were used. For immunoblotting, samples were resolved by SDS-PAGE and transferred by electroblotting to EMD Millipore polyvinyl difluoride (Bedford, MA). Pierce's ECL kit was used for detection. Monoclonal antibody 1G3 (ATCC CRL-2434) was the primary antibody used for this analysis and has been shown to recognize the FcRn heavy chain.
Two-Dimensional Gel Electrophoresis, Image Analysis, and Mass Spectrometry A modification of our previously published procedure was used for these studies. 56 Briefly, frozen pulverized cortex tissue from protein overload and control rats was solubilized in 8 M urea, 4% CHAPS, 100 mM DTT, 40 mM Tris-Base pH 9.5, 0.4% carrier ampholytes (3) (4) (5) (6) (7) (8) (9) (10) . 200 mg of protein was loaded onto IPG strips (11 cm, nonlinear pH 3-10, Bio-Rad, Hercules, CA) using overnight passive rehydration at room temperature. Isoelectric focusing (IEF) was performed using the Protean IEF cell for 45,000 V-hours. IPG strips were then run on second dimension SDS-PAGE Criterion gels, stained with a modified colloidal Coomassie Blue G-250, 57 and imaged using a Bio-Rad ChemiDoc MP system. The resulting 16-bit Tiff images were analyzed using Progenesis SameSpots TM (v3.0, Nonlinear Dynamics, Durham, NC) and its embedded AN-OVA analytic software as previously described. 56 For mass spectrometry, protein spots showing significant changes with protein overload were manually excised and analyzed as previously described. 56, 58 The acquired mass spectral data were searched against the International Protein Index rat database using SEQUEST, validated using PeptideProphet and ProteinProphet in the TransProteomic Pipeline 59, 60 and only those proteins with greater than 90% confidence were considered identifications. Protein functions were derived from either the EntrezGene or UnitProtKB/Swiss-Prot entries provided at GeneCards.
RNA Isolation and Quantification
Kidney tubules were isolated as previously described with 7.5 mm of PT and 3.5 mm of CCD used. 61 Kidney cortex from protein overload and control rats was dissected on ice in PBS and rapidly frozen in liquid nitrogen. Tissue was pulverized using the CellCrusher (Portland, OR) in liquid nitrogen and stored at 280°C until needed. Pulverized tissue was homogenized in TRI reagent (Sigma-Aldrich) according to the manufacturer's instructions. Yield and purity was verified by absorbance and gel analysis. RNA was stored in RNase-free water at -80°C.
Real-Time PCR RNA was isolated using TRI Reagent (Sigma-Aldrich) according to their protocol. cDNAwas made using the High Capacity cDNA Reverse Transcription Kit from Invitrogen/Applied Biosystems. cDNA was measured and equal amounts were run in the Applied Biosystems 7500 Real-Time PCR systems (Applied Biosystems). The primers for the qPCR were FAM-labeled specific for Fcgrt gene and VIC-labeled endogenous control for glyceraldehyde-3-phosphate dehydrogenase. The cycle number at which the amplification plot crosses the threshold was calculated (CT), and the DDCT method was used to calculate the relative quantification, which revealed no significant change in FcRn expression in the protein overload samples.
Quantitation of GSC and PTC Albumin Uptake
The GSCs were determined using our previously published method. 3 Briefly, z stack images of the glomerulus before TR-RSA infusion are collected to enable background fluorescent levels of the Bowman's space and glomerular capillaries to be quantified. These values are subtracted from the same region following the fluorescent albumin infusion. Quantification of intensity values was performed using Metamorph (Molecular Devices) or ImageJ. Graphing and statistical analysis was performed using Microsoft Excel (Redmond, CA), KaleidaGraph (Synergy Software Reading, PA) and GraphPad Prism 5 (La Jolla, CA).
PTC albumin uptake was quantified in two ways. First, all PTC were analyzed using our published procedure. 12 This involves generation of a background image, by using a 32332 median filter, which is subtracted from the original image. Endosomes are selected by thresholding and total integrated fluorescence (TIF) was recorded per mm 2 of PT. A box plot was used to graph the TIF/mm 2 for comparing TR-RSA uptake. The Student's t-test gave a P value of 0.014. The DT treated and control rats were quantified using the same method and a P value of 0.05 was obtained. In both cases the box plots were normalized to the mean of the control rats.
The second quantitative analysis performed for the protein overload rats was restricted to early S1 segments defined by having a direct glomerular opening in the fluorescent images. For this analysis the following steps were performed in ImageJ:
1. From a TR-RSA post-infusion image file, three image planes (1 mm z steps) ,25 mm from the kidney surface were selected and a SUM Z projection created.
2. A pre-infusion image file of the same S1 tubule was opened and a SUM Z projection of similar planes was created.
3. Magnify the pre-SUM image and use the Freehand selection tool to draw Region of Interest (ROI) around the S1 tubule being careful to avoid other cells and regions. Add this ROI to the ROI manager and then analyze selecting for: Area, Mean gray value, and Raw Integrated density. The Mean gray value of the pre-image is subtracted from the post-infusion SUM image (created as done for the pre-SUM image) by using the Process.Math.Subtract function in ImageJ then the ROI is analyzed as above.
Given the observed variability in fluorescence signal between animals and within kidney glomeruli capillaries a glomerular normalization was included as follows:
1. Using the same pre-and post-SUM images used for S1 uptake measurements the glomerular raw intensity is defined by using the ROI tool and threshold to accurately measure the glomerular capillary values. The pre-mean gray value is subtracted from the post-SUM image as was done for the S1 analysis. The final calculation is the following: S1 Raw integrated density/area (BKG subtracted)/ Glomerulus Raw integrated density/area (BKG subtracted).
Statistical Analysis
All data are presented as mean6SD. Data were compared using unpaired Student's t-test. Differences were considered statistically significant with P,0.05. Analysis was performed using GraphPad Prism Version 5.0 software (GraphPad Software Inc., La Jolla, CA), KaleidaGraph 4.0 (Synergy Software, Reading, PA) and Microsoft Excel. Specific n values for each figure are presented in the figure legends.
